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'MEASUREMENT OF ALTITUDE IN BLIND FLYING

By W. G. Brombacher

SUMMARY

Ingstruments for measuring altitude and rate of change
of altitude in blind flying and landing of alreraft and
their performance are digcussed. OFf those indicatlng the
altitude above ground level, the sonic altimeter is the
nost promising. Its present bulk, Intermittent operation,
and more or less unsatigfactory means of indication are
serious drawbacks to its use. -

The sensitive type aneroid altimeter is now guite
generally used. Dividing the errors incident to its use
into those fGue to the instrument and those inherent in the
barometric method of measuring altitude, it is shown that
the instrumental errors, except the error arising from
changes in instrument temperature, do not ordinarily ex-
ceed 0.75 percent of its range (20,000 feet) when using
the instrument to fly at a2 definite pressure level. These
can be reduced to an uncertainty of 40 feet in landing at
an alrport if corrections are applied.

Of the other errors, that due to variation in air
temperature from the temperature of the standard atmos~
phere gives rise to errors as high as 10 percent, but ig-
noring this error does not usually cause & serious 1loss in
safety since at any parfticuler time it is very nearly a
constant percentage of the altitude. The error introduced
by change in the barometric pressurse at the ground levsel
wvith time and placc may be as much as +300 feet in summer
and *1,000 feet in wluter, and can be corrected for only
at the time of landirg by obtaining data on the air pres~
sure at the ground 16V&L from an airport. The Instrunent
can be used in clearing obstacles only when the:r eieva—
tion and location are known. '

The errors in flying at a pressure level and in land-
ing are discussed in detail.
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INTRODUCTION

When flying under conditions of low or zero visibil-
ity, an indication of the altitude of the alrplane is es~
sential to safe and proper navigation, Thus,

(a) A safe altitude above the ground level must be
maintained. For this purpose a knowledge of the altitude
avove the ground level, or absolute altitude, is required.
Several organizations (reference 1) have carried on devel~
opment work with somse success on instruments designed to
indicate the absolute altitude, but no instrument of this
type is as yet quite out of the experimental stage. TFor
thie reason the aneroid altimeter, together with a knowl-
odge of the topography of the country flown over, is util-
ized in maintaining a safe altitude above the ground levsl

(b) In making "Dplind" landings with the aid of one of
the blind landing systems (references 2,3,4 and 5), a con-
t inuous indication of the altitude above the ground level
is desirable, if not absolutely essentlal. This need is
the thief reason for the development of absolute altlinme~
ters, The aneroid altimeter when adjusted and corrected
ag herelnafter discussed, must at present be generally re-
lied wpon for indicating the altitude above the landlng
fields

(¢) Level flight, within reasonable tolerances, 1s
essential in blind flying, not with reference to the dis-
tance above the earth's surface, but at a level of con-
stant air pressure, that is, along an isobar. TFlight at
s constant altitude above the esarth's surface, following
the changiag contours, is obviously undesirable., To main-
tain level flight as ordinarily understood, the actual
pressure level is indicated in terms of altitude by the
sensitive aneroid altimeter. The rate of change from this
pressure level may be indicated either by a rate~of-climd
indicator or by the sensitive altimeter and the change in
attitude Dy the altimeter,

Neither the absolute nor enercid altimetor indicate
obstacles .in .the line of flight. In cross—~country flylng
these obstacles are most generally a mountain peak or
mountain side. In making landings, chimneys, towers,
Ppuildings, and power lines are the rrincipal obstacles.
¥o indicator of obstacles in the line of flight has as yet
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been developed nor, to the knowledge of the writer, is any
serious development work in progress., Thig is due primari-
ly to the lack of possible methods of attack,

In cross~country flying pilots should have dut little
difficulty in flying at a safe altitude adove peaks, rely-
ing upon the indications of the aneroid altimeter if the
elevatlon of the highest peaks along the line of flight
‘are known and if sllowance for the variation in groun&-
level pressure is made. Thig is the only method at pres~
ent availadle and while ordinarily sufficient in the hande
of properly trained pilots on familiar air lines, is far
from being as satisfactory as an indication of obstacles.
Accidents from time to time in which airplanes have been
flown into mountain sides are evidence of the need of a
distinct means of indicating their presence ahead. The
pilot sghould tbe spared the necessity of malking even the
simplest computation and of securiung any information from.
the ground. It should be remarked that an absolute altim-
eter 1s not primarily useful in clearing steep mountain
peaks and sides.

It appears that obstacles surrounding a landing field
may be clezred by making the landing by one of the methods
which have been developed (referonces 2, 3, 4, and 5). The
removal of the obstacles in so far as possible is essential.

ARSOLUTE ALTIMETERS R

Most of the development work on absolute altimeters
has been on three types, commonly caelled the sonic, radio,
and capacity altimeters.

Sonic Altimeters

O0f the absolute eltimeters, the sonic type appears
the most promising in the present stage of development.
The principal defsct is that of intermittent indication
and porhaps of oxcessive welght and dulk.

In all its forms the sonic altimeter consists of (a)
a source of sound and (D) apparatus for measuring the
time interval botwcon the omission of a2 sound and the arriv-
al of an echo from the ground, In ono design this time in-
terval 1s ostimated by ear. Since the principal utility is
a% low altitudes and the velocity of sound is about 1,080
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feet:per second, time intervals of less than one second
must ordinerily.be measured. One of the primary difficul-
ties 1s to avold interference from the noise of the alr-
craft englne and propseller.

The velocity of 'gsound varies with temperature at a
rate of 0,19 percent per degree Centigrade. It 1s practi-
cally independent of barometric pressure. Both the ailr
gpeed of the airplane and the horizontal distance between
the point of sound emission and .the point at which the
echo is received influence the amount of the time inter-
val, but, with proper calibration of the timer, to a neg-
lizible extent., (See reference B.)

The characteristics of the echo vary with the ter-
rain under the aireraft to a sufficient degree so ms to
give consliderable information on 1its character, wvhether
forest, water, or open field.

Behm sonic altimeter.-~ The Behm sliimeter conelsts
essentially of a detonating mechanism for producing the
sound, two micropihones and megaphones, and a time-interval
indicator graduated in altitude units. A schematic dia-
gram ig shown in figure 1. 4 gun, automatically fired in
the latest design, 1s used as the source of sound. The
time-interval indicator consists o0f a small flywheel A,

a proJection of which is held pressed against a plate
spring B by means of an electromagnet (¢ and armature
Qs A sector D, operated by a pinion E on the flywheel
shaft, carries a small mirror F from which a beam of
light from electric lamp & is reflected to a scals H.
The light is focused by means of a short-focus lens J
which is supported upon a plate spring which in tura is
acted uwpon by an electromsgnet K. When the gun L 1s
fired, currvent inm the slectromagnet ¢ momentarily is re~
duced by the action of the sound on the microphone U,
This releases the flywheel A and thus rotates the mirror
F. When the echo is received by the microphone N, the
electromagnet K moves the spring upon which the lens J
is mounted so that the image of the light on the scale is
Geflected at right angles to the line of ite motion., At
the point of ogecillation of the light beam P the ascals
is read. The usunal range. of the instrument is lOO meters
(328 feet),

Flight tests made by the D.V.L. (references 6 and 7)
show that the instrument has a ‘mean error of &3—1/2 meters
in the range from 20 to 100 meters, end fréh 1l to 2 meters
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in the range below 20 meters. These tests were made with
the engine running at 1,200 to 1,250 r.p.m. The welght of
thé instrument in the form descrlbed above is about 25

pounds. . - ‘ s

T == —= — e —

' &;EL_ggnicgaltimeter.- The ea_lier model of the in—
strument (reference 8) is shown schematically in figure 2.
The sound from a whistle W . is directed downward by a meg-
aphone § and ite echo is received by megaphone R. At
the instant the sound is omitted, a spring-driven timer I
is started by means of a solenoid. The .indication of this
timer is observed at the instant the echo is heard through
the stethoscope 8ST. At low altitudes the timer is not or-
dinarily used and the altitude is based on an sstimate by
the obgerver of the interval of time between the emigsion
of the sound and the arrival of the echo.

As alr compressors are not ordinarily installed on
aircraft, gas is bled from the exhaust of an engine cylin-
der (EC in fig. 2) through a check valve and stored at a
pressure of about 50 pounds per square inch in the tank PT.
The whistle has & frequency of 3,000 cycles per second and
is operated every two seconds by means of a motor-controlled
valve. The control apparatus is indicated at CA. The
bleeder line BL increases the strength of the direct sig-
nal from the whisgtle in the stethoscope and the acoustic
filter AF filters out low-freguency components due main-
ly to the engline and propeller.

‘In the above design the range was made as great as
posslble. With the engine running at cruising speed, indi-
cations up to 800 feet were obtained; with the engine
idling, up to 1,400 feet. The weight of the instrument is
about 30 pounds.

The above~described instrument has been lately modi-
fied to have a lower range, about 100 feet, which is all
that appears to be essential in landing dlind, 4 metal
dlaphragm pericdically operated by electrical means to
produce a sound of 3,000 GePes., is used instead of the
whistle, thus eliminating the bleeding of one of ths en~
gine cylinders. The sound received after reflection from
~the sarthl!s surface is passed through a two-stage ampli-
" fier. The incident and reflected sounds are transmitted
to the radiotslephone in the headgear, giving rise %o a
sound superimposed upon the radio signals.
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-of - relays with céntactg. (See reforences g9 and 10.) At
the instant of emission of the sdund a neon lamp is light-
ed by means of a slight addition to the voltage acrosas 1t.
During the time the neon lamp is lighted an electric con~
denser, the negative side of which is connected to the
gTid of 'a vacuum tube, is being charged. At the instant
"of reception of the reflected sound a control is:operated
. 80 ‘that the neon lamp is put out. The maximum change in
the plate current, measured by a milliammeter, is an indi-
.cation of this time interval and thus of the altitude.

The sound 1s made automatiqallywat intervals of elther
two or four seconds by a memdbrane vibrated by means of com—
pressed air at a frequency of 1,200 c¢.pes., The echo 1s re-~
ceived by an electromagnotic microphone.

The instrument has two ravges, 5 to 60 and 20 to 500
meters, the latter of which is obtained by adding a resist-
ancoe to the capacity circuit. The weilght of an instrument
is stated to be 40 pounds, and 48 pounds with an air com-—
pI‘QSSOI‘.

Delsasso sonic altimeter.— Delsasso (reference ll)
~hasg develoPBd a sonic altimeter wilch flight measursments
show to have a range from 4 to 700 feet, No details:are
availadle as this is written prior to the 1ssu0 of his
paper.

Radio Altimeters . . ‘

A number of electrical circuits have been proposed
(reforences 1, 12, 13) for utilizing tho interference ef-
fects of radio waves received after reflection from the
earth!s surface in order to measurs the altitude of alr-
craft. The reflected waves are received by the oscillator
and affect to & measurable extent both its emplitude and
frequency. This has led to ezperiments on methods of in~
dication deponding on beat freguenciesd and on phase differ~
encesg, According to Green (reference lsl_the radio altime~
ter functions accurately at altitudes above 650 feet and
is of no wvalue below 350 feet, which'is 8 distinct limlta-
tion. : ’ ' .

No instrument of this type thus far developed has a
satisfactory performance. The weight and bulk of the radio
altimeter are likely to be excessive for general use,
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Capaclty Altimeters
- Considerable work on this type of altimeter has been
-done by Gunn (reference 14) :in this country. It depends
~forits indication upon the change with proximlty of the
ground in the electrical capacitance of two plates mounted
-0 the aircraft. The maximund range in indication attained
ig'of the order of 100 feet, which is tao low for most pur-
poses.

K . :__:..L_. e

Theremin has proposed & circuit in which a visual and
continmous meansg of indication is provided. Yo details are
available. . . LT - -

EEEY .-

BAROMETRic ALTIMETERS

The parometric type altimeter is an aneroild barome-
ter graduated to indicate altitude in accordance with the
alt1tude—pressure—temperature relation which defines the
standard atmosphere. A single standard known as the United
_“States Standard Atmosphere is now used for eeronautio pur-
-poses (reference 15).

Altlmeters may be divided into two classes, solely on
-the.basis of their sensitivity, into ordinary instruments
‘4nd sensitlive altimeters. In ordinary altimeters the sen-

«eitivity in general does not exceed one revoliution of the
pointer for each 10,000 feet, In the sensitive type the

‘~pointer makes one'revolution per 1,000 feet,

The sensitive altimeter is relatively more useful in
*blind flying since it can also be used to fly level, that
is, to indicate slight changes in altitude. Only the sen-

" sitive altimeter will be discussed in this report although
much of the discussion will apply equally well fo the old-
er type instrument.

The use of the aneroid altimeter to measure altitude
above the ground level is subject to a anumber of inherent
disadvantages, which in certain cases may be offset by
sultable corrections.s The disadvantages are as follows:

(2) The instrument does not measure altitude. It
measures pressure, but is calibrated in altltude uwunits in
accordance with the altitude—preeeure relation of the
standard atmosphere, A given reading, therefore, corre-
sponds to a definite pressure level and not, in general,
to an altitude level,
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o (b) The instrument indicates thse altitude above a fixed
level on the earth, such as sea level, only at the time of
take~o0ff, The indication is adjusted, wusually &t the time
of take-off, so that the altimeter reads gero, and then in-
dicates in standard altitude the height above the level de-
termined solely by the air pressure of the field at the time
of adjustment., But the altitude abvove sea level correspond-
ing to this reference pressure varies with respect to both
time and place. Thus under average summer conditions in
the United States the variation in air pressure at the
'ground level introduces an uncertainty of about +100 feot
in standard altitude at the terminus of a cross-country
£flight of about five hours. Unusual conditions increase
thils up to X300 feet. In winter, the average uncertainty
is £300 feet and may be as much as #®1,000 feet under unu-
sual conditions,

- (e¢) The barometric method of measuring the absolute
altitnde above any base depends on measurements of both
the air pressure and temperature, and on measurements of
‘other guantities which may be neglected here. If the alti-
tude above the ground level is desired, the indications of
the altimeter must be corrected for deviation of the tem~
perature of the air column from that assumed in the stand-
~ard atmosphere used as the altimeter calibration standard,

An approximate method of computing this correction,
which is sufficiently accurate in most cases, merely in-
volves measuring two air temperatures, one at the ground
level and the other at the fllght level. The average of
these two temperatures gilves approximately the mean temper-
ature of the air columan. The correction can th®n be ob-
tained from published tables, or as -is often preferrod, the
entire computation can be made on a computer such as has
been designed for the purpose. .

(&) As a corollary of (b), the altimeter 4s not "aelf—
contained" when used in making a landing. It is necessary
to obtain knowledge, by radio or other means, of the atmos~
pheric pressure at the level of the landing field juast pre~
vious to landing, This offers little trouble when a land-
ing is made at an alrport with the proper facilitles for
this service.
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Senslitive Altimeter T

Higtory.~ A bPrief statement on the development of
sensitive altimeters may e of interest. The first Instiru~
ment was built about 1923 by the Engineéring Division of
the Army Air Service at McCook Field, Dayton, Ohio, The
development was continued by Juliean P. Friez and Sons, and
Yy tae Taylor Instrument Companies, both organizations
baving constructed instruments for the Army Air Corps.
Although the design of the multiplying mechanism of these
various instruments differed somewha%, all were of the
same size, with the main dial six inches in diameter., The
‘instruments had two pointers with thé axis of one of them
offset like the second hand of a watch. The range was
20,000 feet with the main pointer making one revolution
for edeh 1,000 feet, The other pointer was used to indi-
cate the number of revolutions of the main pointer. The
smallest scale division corresponded to a change in alti-
tude of 10 feet the scale being evenly divided.

The Kollsman instrument was origiﬁally bullt to comply
‘'with specifications isesued by the Bureaun of Aeronautics of
the Navy Departments 1t differs from the earlier instru~
ménts in that the dial is 2-3/4 inches in diameter, the same
as that of the standard-service altimeter, and that the
smallest scale division corresponds %o a change in alti-
tude of 20 feet. Further, the btwo volnters are concenitric,
‘2. change which increases the convenience in reading.

Descrggtion.— The mechanism is shown diagrammatical-
ly in figure 3. The pressure—sensiﬁive eiement consists
of three evacuated diaphragm capsules D. These are free
to expand along their principal axis as the air pressure
is reduced, The element is attached to a mounting plate
at the center of the rear capsule and to a multiplylng
mechanism at the centéer of the front capsule. As the cap-~
sules deflect with change in pressure, a lever connected
to the center of the capsules rotates bell crank B and
sector S. Through gears Gl, G2, and G3, pointer sghaft
P; 'is rotated at a rate of one revclution for each 1,000
feet change in altitule, Pointer shuft R, on WHiéh_a”
shorter pointer is mounted, is rotated through an addition-
al gear train at a rate of omne revolution for each 10, 000
feets A third and emaller pointer (not skown in the fig-
ure) which indicates the full range of the instrument in
one revolution is placed on shaft Py. Backlash is taken
up by hairspring H. A weight M 1is used to balance the
mechanignm for the effect of changes in orientation of the
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instrument. The spring R adds stiffness to the pressure
olement.

The bimetallic bar T changes its curvature with tem-
..perature and thus causes a deflection in the same way as
the pressure element., This deflection 1s so chosen as to
compensate at one pressure (760 mm or 29.92 inches of mer~
.eury) for changes in the reading which would otherwise oc~-
cur due to changes in the temperature of the instrument.

" Due to the extreme sensitivity of the instrument, ac-
curacy and smooth operation is obtained only by the use of
gears cut to extremely fine tolerances and by close adjuste
ment 'of the mechanism,

. The instrument mechanism is installed in a standard
bakelite case of the 2-3/4-inch dial size. The depth of
the case promer is,about;z-E/B inches.

The alr pressure in the cockpit or cabin of an alr-
plane may deviate from the static air pressure by as much
as an equivalent altitude of 100 feet under the condltlons
of flight, which introduces an uncertainty of the same
amount in the indications of altimeters. This 1s avolded
by connecting the case of the altimeter to a static tube
mounted on a strut, usually that of the pltot-static air-
spead meter. It is odbvious that the case of tho altimetor
nust be airtight against this small differontial prossure,.

Adjustments.~ Altimeters are constructed with adjust-
ments which greatly facilitate theilr usefulness. These
adjustments have taken varions forms in an effort to meet
the various conditions of operation, and it is not evident
that any one-adjustment is universally accepted as satils~
factory. Four of these are briefly described.

. , (a) One type as shown in figure 4, is equipped
with a knob X for simultancously rotating the pointors
and the small triangular markers or indices M 1in oppo-
site directions. . Assuming no instruvmental errors, the
pointerg will indicate the altitude above the particular
pressure level corresponding to the indication of the mark-
erss If the markers are sdjusted to read zero (fig. 44),
"the pointers will indicate zero wien the instrumont is sub-
jocted to an air pressure of 760 mm (29,92 inches) of mer=
cury (zero altitude), and also will indicate altitudes
above (or below) thig reference level at other alr pres-
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sures. If the markers are adjusted to indicate 210 feet,
as shown in figure 4B, the pointers will indicate zero

when the air pressure has the value correspoading to an ale
titude of 210 feet.

It is thus apparent that 1if it ia 90381ble 0 ad;ust
the altimeter markers to the altitude correspondlng to the
pregssure at the airport ground level Jjust previous to mak-
ing a landing, the pointers will indicate, cexcept for in=-
strumental error, the altitude above the landing field.

(b) In another type of adjvustment the altituds
dial only is rotatadble and is provided with an index for
indicating pressures on a sub-dial as shown in figure 5.
The direction of increasing values is clockwise for both
dials,.

Assuming no instrumental errors, the pointers indi-
cate the altitude above the level a2t which the air pressure
ig that indicated on the pressure dial. Thus, in figure 5
the pressure dial 1s set to read a presswure of 30.22 inches
of mercury. The pointers will theoretically read zero when
the instrument is gubjected to this pressure.

It is seen that except for adjusting to & pressure in-
stead of to an altitude, this arrangement is equivalent to
that described under (a). It has one advantage in that
theré is no necessity for attention %o plus and minus val-
nes as 1s the case in adjusting to a reference altitude.

A disadvantage is that some provision must be made so that
the pressure scale has an adequate range and, in order to
hold to & simple mechanical design, does not exceed one rev-
olution. Thls can be done by having both the pressure and
eltitude dials rotatable simultaneously in the same direc—
tion, the altitude dilal rotating at the more rapid rate.
Such is the case in the ingtrument shown in figure 5, wherse
the pressure scale is only one third as open as the alti-
tude scale and consegquently the ratio of the rates is 3 to
2. This scheme has obvious limits, since it reduces the
sensitivity of the adjustment and thus fails to utilize the
full sensi%i%ity of the altimeter. -

(¢) An adjustment which' ig equivalent to type
(b) is that in which the altitude dial is fixed and the
bressure dial and pointers are rotatadle, as also illus—
trated by figure 5. If the pressure and altitude scales
increase both in a clockwise direction, as in figure 5,
the poinfters and dial rotate in opposite directions. A4s
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for case (b) it 1s necessary to compress the pressure scale
80 as not to exceed one revolmiion, which"is accomplished
by rotating the pressure dial at a slower rate than the
pointerss, In figure 6 thils rate is 3 to 1. The commoents
made uader (b) on the limitetions apply with egual force

to this type.

(d) The methods of adjustment thus far described
afe particularly useful in measuring altitude in 1anding.
In level fllght it 1g desirable to have the pointer hori-
zontal so that 1ts movement upward indicates climd, and
downward, descent. This reguires in general that the en~
tire mechanlsm, including ‘the pointers and the dial, be
rotatable, -

In one experimental design the altimeter has only a
senpitive pointer, thus necessitating another altimeter
for indicating the altitude. In this design the entire
mechanism, including the pointer, but usually excepting
the dlel, is rotatabdle by means of a knodb. Whon the alti-
tude is reached at which flight is %o bo maintained, the
"mechathism is rotated so that the polinter is opposite a
fixed index, °

. « 1t has besen common practice to include a moans for
makilng only one adjustment on altimeters so that up to tho
present a cholico sust be made between an adjustment for
landing such as described under (a), (b)), or {c), or for
level flying. The instrument adjugstable for utility in
landing is usually preferred. If it were found feaslble
by means of a simple mechanism to incorporate in a single
instrument the adjustment useful in making a landing, ei-
ther (a), (b), or (c) as described, and that for flying
level, as stated under (&), the possibilities of the anex-
oid altimeter could be exploited to the maximum.

Errorg of altimeters.~ In comnsidering the errors of
gensitive altimeters, it should be recalled that the smalle
est scale division on the dial egquals 10 feet of altitude
gnd that the instrument can be read to a precision of 2
feet in the laboratory and not less than 5 feet in flight.
The accuracy of englneering instruments is usually ox-
pressed as a percentage of the meximum range., ' For these
altimeters the accuracy is 0.05 percent if the errors do
not exceed the smallest scale dilvision of 10 fset: Whon
it is remembered that most engineoring instruments with an
accuracy of one percent are satisfactory, 'it is obvious
that in considering a higher accuracy many sOUrces of er-
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.ror must be considered which may ordinarily be neglected.
A thorough consideration of possible errors and their eval-
uation in the laboratory is the more important since a num-
ber of the errors are indetermlnatq under the conditions
of flight, , L T T s e
The errors of altimeters are considered in detail in
a2 reoport now in preparation on altitude instruments and
therefore will not be given here. It is necessary, how-
ever, to define briefly the varlous errors and to include
some data, - - : ]
(6 -
Scale error is the amount by which the instrument at
a temperature of +20°C. fails to indicate the altitude in
the standard atmosphere when subjected to the pressure
corresponding to this altitude. It is a measure of the
accuracy with which the mechanism of the instrument has
been adjusted to indicate altitude in accordance with the
.standard altitude~pressure relation. The test is ordina-
rily made with the markers of the altimetor set to zero
or the pressure scale to 760 mm {(29.92 inches) of mercury.
‘Tho scale errors for small doviations from these sebttings
(1,000 feet) do not differ substantially.

The scale errors of a representatlve instrument are
glvean in figure 6, ia which' curve A shows the errors _
while the instrument was sudbjecisd to decreasing pressures,
and curve B, the errors for pressures increasing back to
atmospheric. o S

The results of three scale error tests made on suce
cesgive days on an altimeter in the zlfitude range «~1,000
to +400 feet are shown in figure 7. _It is seen that the_
deviation of the individual errors from the best curve
through all of the points does not exceed 15 feet, This
value is representative of average acceptable instruments.

Temperature errorg are charges in the indication of
the instrument due solely to changes in instrument temper-
ature. These arv mainaly due to the effect of temperature
on the elastic moduli of the presuure element, Altimeters
are usually componsated for the <ffect of temperature at
zero altitude., YFor use in landing, the temperature error
at the landing lovel should be rasiatively small, which is
not necessarily the case when compensated only at zero al=-
titude. It should be noted that altimeters have been con=
structed which have been compensated for the effect of tem-
perature, not only at zero altitude, but at all altitudes

in the range of indication.
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The scale errors at a number of temperaturss are glven
in tabdlo I for an instrument typical of the performance of
thoso now available and for an carlior modol with complete
tomporaturc componsation. It is socn that the dlfferoncos
in error at all altitudces is, on tke wholo, much less for
the instrumeont with complete tempoeraturoc compensation dutb
that the temperature compensation at zeoro altitude is bot-
ter for the typical instrument.

TABLE I

Scale Errors of Two Sensitive Altimeoters
at Yarious Temporatures

Reading Typical instrumont Tenperature
feot . compensated
. Scale error in fseset at altimeter
45°c. | 26%. | -15%c. | -35°c. | 24%. | ~35°%¢C.
0 +24 ., +4 +15 0 -15 +25
5,000 0 -4 - 40 - 48 - 50 430
10,000 +47 +22 - 40 -84 -80 +10
15,000 +148 +99 -22 -72 ~100 - +b
20-,000 +268 +2.80 ~16 -88 -10 +858
25,000 +424 +308 +56 - 60 - -

. Hysteresgis and after effect.~- When the scale errors
for both maltitude increasing aend altitude decreasing are
plotted against altitude, the difference in error glven by
the two curves at a given altitude is deflined as the hys-
teresis, or perhaps more correctly, the lag of an altlme-~
ter., This difference at zero altitude, or for all practical
purposes at stmospheric pressure, is usually called the af-
ter effect, The after effect in good insetruments practi-
.cally disappears after the instrument has been rested for
12 to 24 hours,

At 10,000 feet the hysteresis of the instrumont for
which the scale errors are givon in figure 6 is 30 fect,
which is the gap botween the curves A4 and B, Sinmllarly
tho after effect (at an altitude of 300 foet) 1s 40 feet,
Ordinarily the difforence in the scale corrections given
. by curves such ags A and B is a maximum at about the
middle altitude and for most instruments slightly exceeds
that for curves A and B,
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- Drift and recoverye.~ It is well Enown that the deflec~
tion of instruments depending upon an elastic system
. changes with time. In the case of altimeters this change
is evaluated by subjecting them to a dsfinite change in -
pressure and observing the subsequent indications. The in-
crease in indication after the first reading, which is
taken as soon as possible after the pressure change has
bcen completed, is usually known as the drift. When the
instrument is again subjected to the originel pressurce af-
ter the drift has been obtained, drift again occurs which
for convenience is called recovery. A definlite time slapses
before the instrument again indicates the original readlng.

Drift curves are shown for two different altimeters
ir figures 8 and 9, In obtaining the data in figure 8 the
altimeter was subjected to a decrease in pressure from 756
to 524 millimeters of mercury (9,800 feet) in 35 seconds,
Afger 1-1/2 minutes and at subsequent intervals of tims,
the altimeter and a mercurisl bharometer, the latter msas-
uring the pressure to which the altimeter was being sube
Jjected, were read. The change in the reading of the al-
timeter is plotted ag the drift, zero time beinsg takon as
tho instant at which the pressure roduction was completed.

Tho data in figure 9 were obtained similarly except
that the pressure was reduced from 768 to 430 millimeters
of mercury (15,300 feet) in 30 seconds, and the first read-
ing was obtained 2-1/2 minutes after the pressure reduc—
tion wag .completed. In both figures the drift is given
both in feed and in equivalent pressure units, —

It is obvious that the drift commences at the iustant
the pressure change commences and. that a great deal of
drift has occurred in the time interval betwsen the instant
at which the pressure reduction ceased and the firsgt read-
ing was taken, The drift is most rapid initially.

-.-/
Rocovery curves are also shown in figurces 8 and S.
The rocovery is obtained from readings taken at the con-
clusion of the drift test and aftor the instruments are
again subjocted to atmogpheric pressure, The altimeter
and morcurial baromeiter are read at intervals of time im-
modiately following the increasa to atmospheric pressure.
The change in reading subsequent to the first reading is
called the recovery. In general, after the drift test,
altimeters read higher at a given pressure and gradually
approach their original reading. Tke recovery may be
8a1ld to be complote when the altimeter regaing 1lis origi-
nal reading. The difference betweoen the error at complete
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recovery and the recovery at a given instant of time 1ls of-
ten called the after eifect. Although the sxperimental

. procedure appears to be different, the after effect follow-

ing drift and that following a scale~crror test are caused
by the same property of the elastic system; namely, that
a deformation deponds upon time a® welil as the load.

In obtzinlng the recovery curve shown in figure 8,
the pressurec. was increased after the one hour—drift test

 from 530 to 755 millimeters of mercury in about 20 seconds.

The first reading was taken one minute later and is plot-
ted as zero recovery at the time of one minute, The sub~
sequent changes in the reading of the altimoter are plot-
ted as the recovery. A reading taken 17 hours later showed
the recovery %o be coupleéteé, that is, the reading of the
instrument was then the same as before the drift test, af-
ter correcting for the difference in alr pressuro.

The racovery curve shown in figure 9 was obtained
similarly, .8xcept that the nressure was increasced from 430
to 766 millimeters of merdury in about 10 seconds and the
Tirst reading obtainoed 50 seconds a&fter the increase in
pressure was completo, After 16 hours the instrument had
failed to return to its reading pefore the drift test by

.18 feet, This failuro to rogain the original rocading is

not a time effoct, but probably duec to a mechanlcal impor-
fec%ion. o o

I% has beoén shown hy a number of investigators that
1f the drift hes continued until the drift-time curve is
practically asymptotic, the recovery and drift curves are

practilically identlcal if the drift and recovery are ex-

pressed in terms of pressure units rather than altitude
units, The relation is evident;~in & ncasure, by inspec—
tion of figurecs 8 and 9, but experimental difficultlies
prevent observations at the precise instant at which drift
end recovery commence, so that the direct comparison is
measurably imperfect. The equivalence of drift and recov—
ery is of value in estimating the arount of recovery at
ground level which will océur followinz a flight of some
hours at a zivon altitude.

A furtuer 2id in estimating recovery is the fact that
for the same time duration the ratio of the drift in pres-
sure units to the pressure difference producing it is a
congtant independont of tke proessure differsnce (or alti-
tude)., This stabtement must be considored as approximato
and sudblect to the orrors attendant upon the difficulty
with which drift is measured during its commencement,.
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Vibration and friction.- The instruments_arc subject-
cd in the laboratory to a circuler vibration 1/32 inch in
diameter, varying in freguency from 1,000 to 2 0C0 cycles
per minute. The plane of the vibration is 45° from tho
horizontal. ILaboratory t=sts on the best of the sensitive
altimeters have showa thatb:

(2) The natural fregueoncy of the mechanism as a
whole is not between 1,000 and 3,000 ce.pems Tie extrems
rnotlon of the pointer with reference to the disgl varies
from 5 t0 10 feet in the above frequency range, and is not
more than 20 feet in the range from 2,000 to 2,500 c.p.m.
Ordinarily if the vibration has a fregunency near the natu-
ral fregquency of the altimeter, readings are difficult %o
make on account of the excessive amplitude of the pointer
vibratian, and in addition, thse resultant wear and strain
in the mechanism usually causes early failure of the dngtru—
ment.

(b) The change in error at atmospherlc pressure
for firgt-=class altimeters after vibration for three hours
was practically =zero.

(e) It was also found that the reading changed
from 5 tp 10 feet while the instrument was being vibrated.

The above results are not conclusive, because service
conditions in gzeneral deviate from the test conditions,

Friction, if not excessive, causes little srror or un-
certainty in the reading of sensitive altimeters if they
are subjected to a vibration with an awplitude of at least
0,005 inch, which is ordinarily presoent under service con-
ditions. Whon the amplitude of vibration is less, as may
Pe the case on instrument boards when the engine is throt-
tled down, the error due to friction is vsually excossive,

The friction is measured during a scale-error test by
noting the differenceé in reading at varlous points on the
scale before and after tapping or vibrating the instrument
lightly. Differences greater than 60 feet are excessive,

Secular errorg.~ It has been found that the error at
atmospheric pressure, that 1s zero altitude, changes with
time and further, tests show that the entire scale~errot
curve is shifted by the amount of the change. This pro-
greoessive change in error has beca called the secular. error
or gero shift. It is in the main causcd by a combination
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of the release of internal stresses and a drlft in the di-
aphragm capsules, and can be avoided in large part by ar-
tificial seasoning and heat %treatme=t.e Snort-time tests
on gsensgitive altimeters during which they were subjected
to atmospheric pressure only showed a progressive change
in the scale errors of the order of 10 feet in 100 days.
The deviation of individual observations from the smoothod
curve wasg +30 feet. The deviations from the curve for a
few days following scale-error tests were much greater,
roughly +20 feet., The secular error is such thet for most
altimeters the reading at & given pressure decreases with
time,.

-Pogition error.~ This error is the change in reading
due to the effect of statically unbalanced parts when the
ilasbtrument is orientod about its prinecipal horizontal axes,
Tho maximam change in reading between any two positlons
for a well-balanced inetrument does not excesd 5 to 10
feet. :

Ingtallation error.~ The ingtrument case must be con-
nected to a static head such as that of the pitot-static
tube, in order to eliminate the effect of variations in
the air pressure in the cockpit.

Lag in reading.~ At high rates of climb or descent an
appreciable time lag in indicatiun may occur duc to a dif-
ference betwoen the pressurc within the case of the indi-
cator and that at the static tudve. This differonce in
- pressurc or lag AP, 1is given by

AP = AR (1)

where A is the lag constant in soconds, and R 1g the
rate of change of pressure per second of the atmespheric
pressure, The lag constant A varics with tho particular
installatlon and can be computed by the formula:

m™r P
where M is the coefficlent of viscoslty of ailr

(173 X 10-° poises at 0°C).

1 4is the length in centimeters of the line
connocting the static tube with the in-
dicator.
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C 1s the volume in cubic centimeters of the
7 ailr chamber, that is of all of the indi-
‘.' cator cases, altimeiers, and air-speéd In-
dicators, connected to the static tube.
_ (226 cc for sensitive altimeter cases and
ew —— 157 c¢ for air-speed indicator cases)

r 1is the radiug of the bore in centimeters
N of the connecting line (0.147 cm for 3/16—
in'ch Iine and 0.225 ¢ém for l/é—inch 1ine).

P 1s the atmospheric pressure in dynes per
square centimeter (assumed 25 inches of
mercury or 0.84 X 10° dynes per square
centimeter).

With these units, A is obtained in seconds.

The constant A can be directly measured for a partic-
ular installation, consisting of one or more instruments,
by a simple method. It is the time required for the pres- \i.
.sure {not speed) difference to become 1/e or 37 percent of }/
the initial pressure dAifference. The case and lines rmust
"be leaktight. A suction is applied to the static tube suf-
ficient to deflect the pointter of an air-speed indicator,
if it is part of the installation, to 100 miles per hour
or knots., The static tube is suddenly opened to the. at-
mosphere and the time interval observsd for the pointer to
change its reading from 100 to 61 miles per hour or knots.
This time ig the lag constant,

If tne lag constant is small, the time may be meas-
uvred for the spesed to fall from lOO to 37 miles per hour
or knots, in which case the lag constant is one half of
the observed time. The latter is the time regquired for
the pressure difference to become l/e or 1345 pefcéent
of its initial wvalue.

If no air-speed indicator forms part of the installa-
tion, apply a suction to the static tubs sufficient to
change the altimeter reading 2,000 feet and then suddenly
release the suction. The lag constant is the time for the
reading to decrease 1,280 feet or to a reading of 720 feet.,
One half of the time for a decrease of 1,740 feet (read~
ing of 260 feet) also equals the lag constant.

For an error due to lag equal to 10 feet at ar alti-
tude of 5,000 feet, AP is found t0 equal approximately
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O.15 inch of water. Values of the lag constant for this
value of AP for various rates of climb and descent, com-
puted by equation (1), are given in tadle II, The maximum
longths of tubing which can be usocd, as computod dy equa~
tion (2) and verifiod exporimeantally, based on tho above
valunes of the lag constant and the values of the constants
pertaining to the installed instruments, are also gilven 1n
table II., At altitudes below 5,000 feet the lag in Indica—
tion will be less than 10 feet and above 5,000 feet greater,
for the given lengths of line. TFor lags in oxcess of 10
feot; the longth of line will be proportionally longor.

TABLE II
Statlic Pressure Lag

Maximum length of line which can be used 1f the lag
due to climd or descent 1s not to exceed 10 feet at an al~-

titude of 5,000 feet.

Rate of climd Lag Length of | Length of
Instruments | or descent constant | 3/16~inch | 1/4-inch
ft./min, seconds line line
at 5000 feet feet feet
1 altimeter 500 1,32 135 740
do. 1000 « 66 67.5 370
- doe 2000 ‘e 33 34.0 185
do. 5000 13 13.5 75
1l air-speed
indicator
1 altimeter 50O 1432 79 408
- do., 1000 «66 39.5 204
do. 2000 «33 20.0 102
do. 5000 «13 7e9 41
2 alr-gpeed
indicators
2 altimeters 500 1l.32 39.5 204
do. 1000 « 65 19.5 102
doe. 2000 + 33 9.8 51
doe. 5000 013' 4.0 20.5
3 air-speed
indicators
3 altimeters 500 1,32 26 144
doe. 1000 « 66 13 72
. 4o, 2000 "33 645 36
do. 5000 a13 2.6 14'05

;olume of sensitive altimeter assumed 226 cc;

indicator,

157 cce.

of air-spoeod
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Aceuracy in Heasuring Altiltude

The ingtrumental errors of an altimeter when used to
measure the altitude of the aircraft above the earth's
surface in a cross—country flight, are as follows:

2) Scale errors.

Friction and vibration errors.
Secular errors.

Pogltion errors.

Tenpersature errors.

Drift.

dysteregis.

(
(
(
I
(
(
(

g Hoe MO G
e e e e P S

s

In addition to the instrumental errors, the accuracy is
affected by the following more serious errors inherent in
the barometric method. T o T

(h) Deviation of the temperature of the air col-
umn from that assumed in the standard atmosphere,.

(k) Change in the atmosphoric prossure at the
reference level or base, )

(m) TVariations in the oclevation of the surface
of the ecarth. : - o :

1t will be seon that the errors {a) to (d) inclusive
are readily detorminable for cach instrument, and that
corrections for these errors can easily be applied in flight.
Of the rcomaining errors, the temperature error (e) is inde~
torminato owing to tho added inconvenience of measuring the
temperature of the instrument, but the construction of in-
struments compensated for temperature at all altitudes of-
fers no practical difficulities other than that of increased
cost. The drift and hysteresis effects (f) and (g) are in-
determinate since they both deéepend on time and the previ-
ous elastic history of the instrument. '

The errors (h), (k), aad (m) cen be eliminated only

by obtaining information from the ground., To correct for
error (h) requires a knowledge of the temperature of the
alr column and the computation of a corrocction to be ap-
plied to tho altitude obtainod after corrocting the altime~
ter reading for instrumental errors. To correct for error
(k) regquires a knowledge of the barometric pressure at the
reference level at the position immediately below the air-
plane and the consegquent readjustment of the dlal of the
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altineter, or its equivalent, %o indicate zero at this
roference level. It is obvious that a knowledge of the
elevatlion above sea level of the carth's gurface immedi-
ately ‘beneath the aircraft is reguired to correct for or-
ror  (m)., o

The magnitude of the instrumeatal errors can be oval-
nated with consideradble precision for particular cases
vhen using & first-class ianstrument. Thus, assuming the
instrument in a rested condition for at least 12 hours,
the errors in the indication will be about as given in ta-
ble III for a flight from 5 to 120 hours, at either 5,000,
10,000, or 15,000 feet.,. The magnitudes of errors inherent
in the barometric method, (h), (k), and (m) are also given
in table III., It is gseen that corrections must be applied
for the latter errors if a performance consistent with tho
smaller instrumental eorrors is to be realized.

TABLE III

Errors in Indication of Altimeter in Cross-~Country Flight

Description Error in feot

(a) 'Scale errors, Wp %0 . .« +« « + « + « « . « . =50
(b) Friction and vibration errors, up to . . . +15
(c) Secular errors in 50 days e e e e e ~-10
;(d) "Pogition error, up to . . . . . . . . . . +10
(o) Tomperature orror, fect per °C., up %o . . +2
(£f) Drif% in 5 hours at 5,000 feot . . . « . . +25
¥ 10,000 ¥ o e a s e +50

"o 15,000 * . . . . . . +75

(g) Hysteresis, not exceedling "+ ¢ ¢« ¢ ¢ .« o . +BO

Hysteresie, for small deviatione from s
given altibtuwde . . . . . . . . « 10

(h) Correction for deviation at start of flight
from standard temperature of the air col-
umn, up to 10 percent of the indicated al-
titude, Error due to change in temperature
0f air column during flight of about b
hours, up to about 4 percent of the indi-
cated altitude,
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(k) Effect of change in atmospheric pressure in
flight of 5 hours: _
In winter, up %o '- ) il:OOb_'
In summer, up %o +300

(m) ZErrors due to changes in elevation of earth's
surface are extremely variablo.

Consider now the case when corrcctions are applied
for the errors as presented in table III. The residual
of errors (a), (b), (c), and (d) as a whole will be about
+10 feet, and is unlikely to be as much ag 20 feet, As~
suming that a rough estimate (within 10°C.) of the average
temperature of the instrument during flight be made while
on the ground and a correction based on this be applied,
the residual uncertainty in the temperature error (e) will
be about £20 feet. The exact correction to be applied for
the drift and hysteresis, {f) and (g), cannct be easgily
determined. Since most of the drift at a given indication
occurs within the first half-hour, an approximate correc-
tion can be applied on this basis. Hysteresis will be '
avoided Dby not £flying much above the averags zZliitude
at which the flight is to be made, This procedure should
roduce the uncertainty duc .to both drift and hysteresis %o
about 20, 3C, and 50. feet at 5,000, 10,000, and 15,000
feet, respectively,

When the altimeter. is adjusted for the change in air
pressure at the ground level, the resldual uncertainty in
the error listed as (k), should not exceed #20 feet under
favorable weather conditions, and with proper equipment
for securing the data. o

When the approximate method of determining tlhe medn -
temporature of the air column is used in finding the tem-
porature correction (h), the uncertainty in the corrected
altitude ordinarily does not excesd onc percent of the al-
titude, but may be as much as four percent, It should be
emphasized that this error is proportioral to the altitude
in scontrast to the faect that maay of uhO othcr errors arc
independent of altitudo,

A correction cannot be applicd for the deviation of
the mean temperature of the air column (h), in table III,
unless the temperature of the alir at the ground level be~
low the airplane is known. In flights reasonably close %o
the base, knowledze of the air temperature at this point
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will be sufficient, in which case the residual uncertain-
ty due to the change in temperature is practically zero.
However, the uncertainty in the temperature correction
consldered in the preceding paragreph still remslns,

Summarizing, after applying all corrections, the over~
all uncertainty in the altitude due to instrumental er-
rors may be as much as about B0 feet in a f£fiight at 10,000
fest for 5 to 10 hours., This meang that flight at a def-
ianite pressure level can be maintained with errorse not ex-
ceeding 0.5 percent. When corrections are also appliled
for the remaining errors, which are listed as (h) and (k)
in table III, there remains an average uncertainty of about
one percent in the trus altitude adbove the base or refer-
ence level, To this must be added whatever uncertalnty
exists in eérror (m). :

Performance in Flylng Level

When poor vieidility or fog is encountered, the alr-
plane is flown level mainly for the purpose of maintaining
the normal flying attitude. The actual value of the altil-
tude is not required with an accuracy greater than the in-
strumental errors which, thorefore, can be neglected. The
other errors may have to be considered.

The error caused by variation of the air pressure at
the reference level can beo corrected in flight by shlfting
the zero of the instrument, dbut information as to 1its value
nust be received from a ground station,

A rough calculatiorn on the ground before the flight
will give, with sufficient accuracy, the correction for
the effect of the deviation of the air temperature from
that assumed in the standard atmosphere. The indicated
flying altitude should be such as %0 ineclude this correc—
tlon and also as to be et an altitude high enough to clear
the ground at all polnts of the course,

Pitching of the airplane is measured in terms of
change from the chosen sltitude which is indicated by a
sensitive altimeter with a soensitivity of at least 10 feet,
or perhaps 5 feset,

Use of Sensitive Altimeter in Landing

The factors affecting the accuracy of the indication
of an altimeter in landing are given belowel
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{a) Scale errors.

(b) PFriction and vidbration.errors.
(e) Secular errors.

(d) Position error.

(e) Temperature errors.

(f) After effect.

(g) It is always necessary to reset the altime-
ter to correspond with the atmospheric pressure at the
ground level of the landing field,

Of these errore it is only necessary to consider (g)
the methods and error of resetting the altimeter in flight.,
The types of adjustment on the altimoter have besen consid~
ered previcusgly. There are four forms in which date may he
given the pilot. :

(4) At present it is the practice on many air lines %o
radio the sesa-level pressure to the pilot who. then sets the
altimeter so that this pressure is indicated upon the pres-
sure dial. Allowing for instrumental errors, the altimeter
will indicate altitude above sea level and read upon land-
ing the elevation of the landing field above sea level. To
be of use, it is obvious that the pilot must know the ele~
vation above gsea level of the landing field.

The reduction to sea level must in general be made by
using the standard atmosphere to which the altimeter is
calibrated, in contrast to the method used in determining
the sea-level pressure for meteorological purposes. The
difference in the two sea-level pressures, one obtained for
meteorological use and the other for resetting the altime-
ter, is very marked at mountain or plateau statiocns. Even at
low-elevation stations the differsence in method of reduc-
tion may give significant differences in the sea—level
pressure. The reduction to sea~level pressure for meteoro-
logical purposes involves the use of a mean temperature of
the hypothetical air column below the landing-field level
to sea level which varies with the observed air temperaturs,
and in high-elevation stations, involves the application of
a "statlon" correction.

To determine the sea~level pressure for resetting the
altimeter, the atmospheric pressure at the landing-field
level is measured and the elevation of the landing field
must be known., The altitude of the landing field is sub-
tracted from the altitude in the standard atmosphere (ref-
erence 1l4) corresponding to the atmospheric pressure. The
pressure in the standard atmosphere corresponding to this
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difference in altitude is the sea-level pressure, In the
method now used on some air lineég, s sensitive altimeter
with a pressure scale (fig. 5) is installed on  the ground
at the landing level, The indication omn the pressure scale
when the pointers are adjusted to indicate the elevation

of the landing field is the desired sca~level pressuro,
neglecting instrumental errors.

As an example of the method of computing the pressure
to be broadcast, assume the elevation above sea level of
the landing field to be 4,200 fect and the observed baro-
metric pressure to be 25,34 inchos {643.6 millineters) of
mercurys. .In the standard atmosphere 25.34 inches of mor-
cury is equivalent to 4,525 feet. Subtracting 4,200 foot
from 4,525 gives 325 feet., The altitude of 325 fecot in the
standard atmosphere 1s equivalent to 29.57 inches (751.1
millimeters) of mercury. The latter pressure 1is broadcast.
If the sensitive altimeter is used on the ground, its alti-
tude indication is set to 4,200 feet, whersupon the preas-
sure readling should be 29.57 incheg of mercurye.

(B) The air pressure at the landing-field level may be
broadcast to the pillot.

In this case the aircraft altimeter is set so that the
pressure dilal indicates this pressure., Altitudes adove tho
landing-~field level are then indicated and a zero indicatlon
is obtained upon landing, if the instrumental errors are al-—
lowed for, As in the previous case this procedure has the
possibility of confusion with the sea-level pressures which
may be broadcast.

Referring to the example considered in case (4), the
observed barometric pressure, 25,34 inches of mercury, 1is
broadcast. - '

(C) Two alternative pnrocedures in which altitude, in-
stead of air pressure, is broadcast are believed to be moro
convenient, In the first of these the altitude correspond-
ing to the sea~level pressure is bhroadcast.

The ‘markers of the altimeitcr aro set to the broadcast
altitude whereupon altitudes aboyve seca level are indlcated
and dpon landing the altimeter will indicate the oclevation
abovo sea lovel of the.landing fiold, OCbviously thils sle~-
vation must be krnown to the pllot if theo rosetting 1s to bo
of any valuec, e _
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As an example, assume the slovation and sea-level
pressure given in case (A). As before, 25.34 inches of
mercury is eguivalent to 4,525 feet in the standard atmos-
pheres Subiracting 4,200 feet, the landing—~field eleva~
tion, from 4,525 feet gives 325 feet, the altitude which
is to be broadcast. It should be emphasized that the al-
‘titude should not be that corresnonding to the sea-level
pressure determined for meteorological purposes.

(D) In the second procedure the altitude in the stand-
ard atmosphere corresponding to the air pressure at the
landing level is Droadcast.

The markers of the altimeter are set to this altituds
‘following which altitudes above the landing field are in~
dicated and a Zero indication is obtained upon landing.

If, as before assumed, the barometric pressure at the
landing level 1is 25.34 inches of mercury, the zititude
broadcasted is 4,525 feet.

It is understood that pilots on air lines prefer the
indication of altitude above sea level obtalned as out-
lined under (A) and (C) since the altimeter indication is
used not only in landing but also to clear mountains and
hills enroute. The equipment is available on air lines
only for using droadcasts in sccordance with procedure (4)
(or (B)) while the altimeters for the air services are de-
signed only for procedure (C) (or (D)).

From many points of view the mercufial barometer is
unsatisfactory for measuring the pressure to be used in
setting altimeters just before landing. The Fortin type
barometer requires considerable time to read; all barome-
ters require the application of a number of corrections
which, however, can be grouped into one table for use at
any one station; uncertainty exists as to the degres of
vacuum above the mercury column; and the meFcury in the
cistern and often in the tube, gets dirty with time, lead-
ing to additional error. D2asigns of mercurial barometers
eliminating some of these unceftainties and difficulties
are available, but at rather high cost.

An aneoroid barometer offers considerable possibilities
for use at airports. The scale can-be calibrated in alti-
tude units if altitude is to be broaedcast, in which case
it will not differ essentially from the airplane altimeter,
The dial in either case should be fixed to the case. The
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pointer can be set once for all so that the indications at
any given station are sda-level pressurse or the sguivalent
altitude, or landing~field pressure or the eguivalent al-
titudes The instrument is simple to read and should be of
such quallty that the application c¢f one correction only

is required, that for scale error. Unfortunately, the in-
struments now available including the sensitive altimster,
have a zero shift with time, or secular error, which re-
quires that they be checked from time to time against =
.8tendard mercurial barometer., This shift can be practical-
ly eliminated by the instrument maker since it has been
done in isolated instances. Applying the principles of de~-
slgn used in the sensitive altimeter but substantially re—
duclng the sensitivity, which caen te done without sacri-
fice of accuracy, should lead to a successful develcpment.,

The amounts of these errers fnr the best quality in-
struments now available are given in tadble IV. It is as-
gsumed in (g) that the altimeter has been reset.

TABLE IV
Errors in Indication of Altimeter in Landing
Description Error in feet
() Scale error at zero altitude, up te . . . £30
(b) Friction.and-vibration,errors, up to . . . #£15
(¢) Secular error in 50 days .+ « . « + . . . =10

(d&) Position error, up %0 « + + ¢ ¢ . ¢ . . . £10

(8) Tomperature error, feet per ©C,, up to 0.8
(£f) After effect after 5 hours at 3,000 feet  +15
" 5,000 " +25
" 10,000 ™ +50

(g) Resetting uncertainty « « « « « « « o « o . F20

For a particular altimeter and definite conditions of
flight, thess errors can be evaluated as a single over—all
error by & relatively simple flight test. This consists
8imply in reading the altimeter when landing and comparing
this reading after a flight which is at the altitude and
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of the length for which the correction is desired, with
data on the air pressure at the grdund level, or its cor-
responding standard sltitude. " The difference is the tofal
correction to be applied.

, The importance of testing the altimeter in this way
should be emphagized. If an instrument is repeatedly
checked in good weather, a good average value of its er-
rors, or more exactly, dependable dats on the accuracy of
the method, will be obtained. BSuch tests give the pilot
confidence when the altimeter must be relied upon,

It is estimated that the residual error in the alti-
tude reading at landing will not exceed 40 feet if the al~
timeter corresction to be applied is determined by flight

" tésts as just described. This assumes an insirumernt in

the airplane with an even better performance than that given
in tadble IV, and considerable improvement in the ground
technigue and equipment. The scale errors must be uniform
over an appreciable altitude interval near ZOTOo altltude
and the temperature errors smaller. :

The over-all error can also be determined in the lab~
oratory by subjecting the instrument as nearly as possible
to flight conditions. The uncertainty is greafter than in
flight tests owing %o the difficulty in reproducing flight
conditions. T

It is evident that the over—all sesrror will vary in
amount (a) (table IV) dus %to lack of uniformity of the
scale error in the altitude interval in which landings may
be made (see fig. 6), (c) due to the secular error, (e)
due to variation in the instrument temperature, (f) due
to variation in the after effect, and (g) due to friction,
¥ot all of these variations are appreciable. Thus, the in-
struments can be made with constant scale errors in the de~-
sired altitude range and are now very closely compensated
for temperature at zero altitude. Further, the secular
error should merely require the test to be repeated at in-
tervals of 30 to 50.days. This leaves the after effect
and friction effect to be considered, Thelr amount is de~
pendent upon both the duration and altitude of the flight.
However, comparatively large variations in both dura®ion
and altitude cause small changss in the after effect. On
commercial flights between two points the altitude and du-
ration ordinarily change so little that the after effect
is practically constant. The lack of vibretion of the in-
strument as the engine is throttled down just before land-
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ing nay requiro that the irstrument be tappod in order to
oliminate the foccﬁ ‘of frictiom.

An important point to noto is thet tho mercurial ba-
romotors used in obtaining the data for resetting the al-
timotor, rogquire standardizing. Tho resetiing orror glven
in tadlo IV is largely due to difforonces in tho results
which wero obtained from a comparison of slx of those in-
struments, four of which were at airports.

RATE-OF-CLIMB INDICATOR

The rate-of-clind indicator is actuated during a clind
or descent by tho differential pressure obtained in a wvol-
ume which is connectod to the atnogphore through a capill-
lary tube. A common design is shown schematically in fig-
ure 10. The air chamber consists of the internal volume
of the Dewar flagsk A and the interior of the diaphragm
capsule D, This is connected to tho inside of the instru-
ment case, which is maintained at atmospheric pressure
by means of vent V, through the capillary tudo CT. The’
differential pressure developed in a climb or descent
causes a deflection of the sensitive diaphragm capsule D
which is transmitied to the pointer P by a multiplylng
mechanism, as shown schematically. o

Fhen the air pressure is changing, pressure in the
air chamber lags behind that in the instrument case due to
the restriction interposed by the capillary tube., This
differential proessure P is in terms of rate~of-climd V
in an isothermal standard atmosphoro:

P=X7V - (3)

K 1is a constant depending upon the length and diametor

of the capillary tube, upon the volume of the alr chamber,
and also upon the tomperaturs at which the instrument 1s
calibrated, The United States standard atwosphore to which
altimetors are calibrated, is not used because the rate of-
climb in thls atmosphere for a given. differential pressure
depends also upon the altitude.’ L .

The capillary leak rate-of-climbd indicator cannot be
used guantitatively because, briefly, the indications de~
rend to an lmportant extent upon the temperature of the
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air chamber and capillary tube, and upon deviations of the
temperature of the free air from that assuned in the orig-
inal calibration, The érrors due to these sources are of
minor importance wher the instrument 1s used to fly level.

Time lag.- In addition to the lag in indication due
to the inortia of the parts, a lag occurs due to the fact
that time is reguired at a constant rate of c¢limb for the
rate of flow of air through the capillary tube, and there-
fore the differential pressure, to come %o a constant value.
This lag is so large that other sources of lag can be neg-
lected, A constant A, known as the lag constant, is de—
termined by laboratory tests using the relation -

VO"‘
Ry =

% v -
5 = loge - _ _ : (4)

where Rty 1s the reading of the instrument at time %3

Vo and ¥V, respectively, the initial and final rates of
¢limb, ) ' ' B

In determining A\’ experimentally V is most convenient-
ly made zero, and the reading is made at time egua%_@o

A. . Por this procedure, equation (4) becomes
v v . e e e e
t T o T zivz : (5)

!

The time % (equal to A) is measured when the reading Ry
has fallen to a2 value equal to 37 percent of the imposed
change in the rate of climd V,. : -

. In making .2 test, the instrument is first subjected
to a steady rate of c11mb which is then reduced to zero
by cutting off the vacuum (or pressure) supply to the cham—
ber containing the instrument. & stop watch is started atb
this moment and stoppod whon the reading has fallen %o 37
percent of its initial value. The elapsed time is equal to
the. lag constant M. )

The lag constant A varies inversely with air pressure

in accordanco with the relation -

= Fo : e -
A B MNo (6)

where P 1is the atmospheric pressure and P, and Ag the
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pressuro and lag constant at zero -altitudo. It follows

therofore that M\ increases with altitudo.

The lag constant of ropresentative instruments variles
from 4 to 5 seconds at an altitude of 1,000 feet, and is
.about 10 seéconds at 25,000 feot. This value ropresents
the present gtatus of the compromlse the instrument noker
‘nust make betweon the differential pressure produced at a
given rate of climb and the timec lag. Both gquartities de~
creage togethsr but decreasing the differential pressure
makes the instrument more delicate and increases the of-
fect of friction., The djifforential pressurocs for a rate
of climb of 2,000 foet per minute, usually solected as the
maximun range, are for present designs about three inches
of water.,

An inspection of equation (4) shows that 1t can be
used to caleculate the time required to obtain a glvon rocad-
ing Ry after the imposition of a steady rate of climd V.
Such calculations have been made for an Iinstrument with a
lag constant of five geconds and the regsults are given in
table V., The time required before a reading of 20 and 40
feet per minute is obtained is given since these readings
are roughly the minimum changes in reading which can be
dotected, The value of 20 feet per minute corresponds to
a deflection of the tip of the pointer of 0.05 inch in an
instrument with a 2-3/4 inch dial and a range from +2,000
to =-2,000 feet per minute,

TABLE V

Time Interval and Change in}Altitude to
Obtain Minimum Indications of.Rate of Climd

.izgidzf Reading of 20 ft./min.| Reading of 40 ft./min,
climb Bind Change in Time Change 1in

auddenly required altitude interval altitude

imposed t

fte/min. seconds feet seconds feet

60 2.0 2.0 5.5 5.5

120 « 91 l.8 2.0 4,0
240 43 1.7 e 91 3.7
480 21 le7 43 3.4

The computations show that small deviations from a given
altitude are indicated qualitativoly for all rafes of climbd
in excoss of the least reading.
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Effoct of tempsrature.~ Tests saow that the change in
indication with change in instrument temperature is about
OQe2 porcent per degree Centigrade. The rate of change of
instrument temperature is kept low by use of tho vacuunm
bottle, Ordinarily when using the rate-of-climbd indicator
to fly level, the offect of instrument temperature may be
noglected, : '

‘Burean of S¥andards,
Washing'bon, D. C.' July 1954n
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Figure 5.~ Sensitive altimeter.
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